Copper solubility and its bioavailability to Phaseolus vulgaris in long-term coppercontaminated soils, uncontaminated soils, and copper-spiked soils were studied. The role of plant factors, total copper load in soils, and/or the aging effect on the uptake of copper was explored so as to assess health risks through contamination of the food chain associated with growing the crop on such soils. Contaminated soils and clean soils were collected from coffee-growing fields in Kilimanjaro and Arusha, Tanzania. Two bean seeds were sown per pot, replicated three times, and arranged in a randomized design in a glass house. Copper spiking significantly increased extractable copper, as expected. For all of the treatments except for the Mwanga and Arumeru control soils, the addition of CuSO 4 did not significantly increase the humic-acid-bound copper, but it significantly increased the fulvic-acid-bound copper (p = 0.05). Moshi soils had significantly higher concentrations of copper in the bean shoots than was the case with other treatments (p = 0.05). For the respective soil types, there was no significant difference in the concentrations of copper in bean leaves between spiked and unspiked treatments (p = 0.05). Bean shoots did not accumulate copper beyond the normal concentrations.
Introduction
The continual use of copper-based fungicides in coffee fields to control fungal diseases has caused accumulations of copper in coffee-growing soils (Loland and Singh, 2004) . The applied fungicides accumulate in soils through drops of solution containing the fungicides that fall on the soil during fungicide applications. Copper-contaminated leaves that drop on the ground as they atrophy or as pruned materials undergo mineralization, thereby releasing copper (dos Santos et al., 2009) . The accumulation of copper in the soils poses potential hazards to the environment and, consequently, the accumulation may be harmful to human beings (Lamb et al., 2009 ) through contamination of the food chain (Loland and Singh, 2004) . When the excess copper is ingested, it accumulates in the liver, brain, skin, pancreas, and myocardium (El Bayaa et al., 2009) .
Soil properties play a vital role in mobility and bioavailability of heavy metals such as copper (Gandois et al., 2010; Sims, 1986; Sauvé et al., 2000) . When copper is introduced in the soils, it undergoes changes that may immobilize and render it insoluble, thereby making it unavailable for plant uptake (Brallier et al., 1996) .
The added copper in the soil may complex with organic matter, it (copper) may be bound to carbonates, or it may be adsorbed in the soil mineral colloids. This may lead to a decreased concentration of water-soluble copper with time, and make the copper less bioavailable (Ma et al., 2006) . Studies show that when copper is added onto the soil, most of it will be in the exchangeable and water-soluble form and hence more bioavailable; however, as time passes the copper becomes converted to other fractions which are less bioavailable (Jalali and Khanlari, 2008; Hogg et al., 1993; McLaren and Ritchie, 1993) . Other reactions that may take place after the copper has been added to the soil include complexation, surface adsorption, exchange reactions, chelation, and precipitation on the surfaces of the soil particles or diffusion into the mesopores and macropores of soils, converting the copper from available to less soluble forms (Cavallaro and McBride, 1978) . Apart from environmental factors, soil components and properties, the degree of immobilization of copper is also determined by the total copper load in the soils (Jalali and Khanlari, 2008) .
The amount of copper adsorbed by soil as a result of the aging effect is modified by soil pH and the quantity of organic matter in the soil. Lu et al. (2005) , in their investigation of the aging effect on the distribution of metals to different fractions, found that, under acidic conditions, the rate of conversion of the exchangeable fraction of copper to other fractions was very low as compared with neutral or alkaline soils, and high organic matter resulted into high organic-matter-bound copper. Generally, the bioavailability of heavy metals in the soils decreases with an increase in the residence time (Zhang et al., 2006; Ma et al., 2006) . Therefore, the mobility of copper in long-term copper-contaminated sites, as a result of continual additions of copper, may be completely different from the behavior which will be exhibited when a one-time heavy dose is applied to the soil and the mobility and bioavailability measured after a short incubation time (Lock and Janssen, 2003) .
One of the soil constituents that can influence solubility behavior of metals in the soils is soil organic matter through the formation of soluble complexes which are formed upon organic matter degradation (Hernandez-Soriano and Lopez-Jimenez, 2012; Almås et al., 1999) or through the formation of insoluble complexes (Narwal and Singh, 1998; Tandy et al., 2009) . According to Hernandez-Soriano and Lopez-Jimenez (2012) , the binding of heavy metals to organic matter depends on the metal's affinity for different functional groups present in the organic matter and on the soil properties.
Humic acids and fulvic acids form a vital ingredient of the soil organic matter; the binding properties of the two organic acids may affect the fate of copper in the soil. Copper complexation by organic matter, in the form of humic acid and fulvic acid, is an effective mechanism of copper retention in the soils (Bradl, 2004) . Fulvic acid in the soils may enhance copper solubility because it is soluble in water, while humic acid may form insoluble complexes, although the humic acid may also form soluble complexes, depending on the degree of dissociation of the humic molecules (Gondar et al., 2006) . The humic substances account for up to 70-80,% of the organic matter and can also control the capacity of mineral matter in the soil to adsorb metals (Arias et al., 2002) . At pH values above 6, organic matter decreased plant absorption of Cu because of its ability to form chelates with humic acid and its strong adsorption to organic matter (Clemente et al., 2003) , as well as lower proton-metal ion competition (Gondar et al., 2006) .
In coffee-growing areas where the soils have long been contaminated by copper-based fungicides and where the addition of organic fertilizers has been a common practice, as is the case in Hai, Moshi, Mwanga and Arumeru Districts, it is imperative to study copper associations with these two important organic acids, humic acid and fulvic acid, because they (the acids) affect mobility of copper in the soils.
Our previous, unpublished studies reveal that, despite high concentrations of copper in the copper-contaminated soils, Phaseolus vulgaris did not take up excess quantities of copper. It was hypothesized that the aging effect or the crop characteristics were responsible for the phenomenon. Therefore, it is important to explore the factors that contributed to this phenomenon so as to include such information in the environmental risk assessment. Most studies on the influence of aging on copper solubility were undertaken in test tubes where adsorption isotherms of the soils were studied, or the soils were incubated for a few weeks to determine the distribution of copper species as affected by incubation time. Information on the comparisons between copper uptake from soils which have been contaminated by copper for a long time, uncontaminated soils, and recently spiked soils is hardly found in the literature.
To account for the role of aging effect on copper bioavailabilty, this study compared copper solubility in the soils and its bioavailability to bean shoots among long-term coppercontaminated soils, uncontaminated soils, and recently spiked soils. The study discusses the uptake of copper in relation to the total copper load and the soluble fractions of copper in the soils. The influence of spiking soils with CuSO 4 on copper association with humic or fulvic acids among different soil types have been explored in the present study.
Materials and Methods

Soil Sampling
Soils were collected from Hai, Moshi Rural, and Mwanga Districts in the Kilimanjaro region and Arumeru District in the Arusha region. The soils collected from Mwanga, Hai, and Moshi Rural Districts had been receiving copper fungicides for as long as 63 years in some soils. Two control soils were included in the study, one from Mwanga and the other from Arumeru. Kilimanjaro region is located in the northern part of Tanzania, between latitudes 3 • 39 and 4 • 37 south, and longitudes 36 • 52 and 38 • 25 east. Arumeru District is located between latitudes 3 • 30 to 3 • 30 18 south and longitudes between 36 • 30 to 37 • 30 east. The glass house experiments were undertaken at the Tanzania Coffee Research Institute (TaCRI), based in Hai District, Kilimanjaro region, Tanzania.
Mlingano Agricultural Research Institute, Tanzania (2006), compiled major soil types of Tanzania and their properties. The soils collected from Mwanga have been classified as Humic-Umbric Acrisols. The soils are strongly weathered, and characterized by low-activity clay, which developed from the weathering of acid rock materials on hilly or undulating topography. Moshi Rural and Hai soils have been classified as Eutric Nitisols. The soils are deep, well-drained with clayey subsurface horizons that have polyhedric, blocky structure elements with shiny ped surfaces. They have developed from parent materials that are finely textured with weathering products of intermediate to basic parent rock, and rejuvenated with admixtures of volcanic ash. The clay assemblage of this type of soil is rich in iron and has very little water-dispersible clay. The areas are hilly in topography. The soils collected from Arumeru District are Mollic Andosols. They are black, porous soils of volcanic materials resulting from the accumulation of stable organo-mineral complexes and short-range order minerals.
Experimental Treatments
About 500 g of soils (contaminated or control) were treated with CuSO 4, mixed with 25% (w/v) water, covered with polythene bags, and equilibrated for 30 days. After 30 days, the copper-spiked soils were leached with 500 mL distilled water to remove the copper that was anticipated to be in the soil solution. The soils were left for three days to drain, after which two bean seeds were sown per pot and arranged in a glass house in a randomized design with three replicates. In the anticipation of germination failures as a result of copper toxicity, some bean seeds were separately planted in separate pots containing corresponding unspiked soils. On the spiked soils, the seeds did not germinate as anticipated and therefore the bean seedlings which were separately planted on the non-spiked soils were transplanted to the respective spiked treatments. After five weeks-that is, at flowering-the crop was harvested and dried. Soil samples were taken at harvesting for laboratory analysis.
The experimental treatments, replicated three times, are presented below: 
Chemical Analysis of Soil Samples
Laboratory analysis was carried out at the Laboratory of Analytical Chemistry and Applied Ecochemistry, Ghent University. Soil pH (water) was measured using a glass electrode pH meter (Orion Model 520A, Orion, Boston, MA, USA) at a soil: water ratio of 1:5. Electrical conductivity (EC) was determined using a Microprocessor conductivity meter, WTW LF 537 electrode (Wissenschafltich-Technischen Werkstäten, Welheim, Germany) at the 1:5 soil: water ratio. Copper was extracted using two different extractants. These were 0.01 M CaCl 2 extraction at 1:5 soil: CaCl 2 ratio (Houba et al., 1999) and ammonium acetate-EDTA (pH 4.65) at 1:5 soil: EDTA ratio (Lakanen and Ervio, 1971) . CaCl 2 extractable copper represents soluble, easily leached copper fraction (Sauvé et al., 1997) ; the advantage of this extractant is that its ionic strength is generally similar to that of the soil solution. Ammonium acetate-EDTA was selected because complexation between EDTA and acetic acid mimics complexing behavior by root exudates and NH 4 + desorbs the exchangeable metal fractions, whereas the pH simulates rhizosphere acidity (Meers et al., 2007) . The copper was determined by inductively coupled plasma optical emission spectrometer (ICP-OES; Varian Vista-MPX simultaneous Varian, Palo Alto, CA, USA).
Humic Acid and Fulvic-Acid-Bound Copper
The association between copper with fulvic acid (FA) and humic acid (HA) was carried out as described by Mohamed et al. (2010) . Five g of the soil samples were mixed with 50 mL of 0.1M NaOH and shaken for 24 hours in a mechanical shaker. The solution was centrifuged at 3800 rpm for 30 minutes. The 15 mL of the supernatant was taken and acidified with HNO 3 (pH = 1.2) and centrifuged at 3800 for 30 minutes. The supernatant was decanted and digested with HNO 3 and the concentration of copper determined by ICP OES. This solution contains FA-bound copper. Another 15 mL of the 0.1M NaOH-treated solution was taken and digested with HNO 3 at 150 • C for two hours and copper determined by ICP OES. This solution contains FA-and HA-bound copper. The HA-bound copper was obtained by difference.
Analysis of Plant Samples
About 0.3-0.5 g of bean shoot samples were mixed with 20 mL of HNO 3 acid and heated at 150 • C for two hours. One (1) mL of H 2 O 2 was added before heating and after 30 minutes of heating. In total, 4 mL of H 2 O 2 were added to each sample. After cooling, the solutions were filtered in 25 mL volumetric flasks and made to the volume using 2 M HNO 3 . The concentration of copper was determined by the ICP OES.
Quality Control
The ICP OES used copper standards, Merk at four concentrations, and calibration controlled with independent standards. To determine the detection limit, the Hubaux and Vos method (1970) (ISO 11843-2:2000) model was used. Four standards were measured three times and, based on the standard deviations, the detection limit was calculated. To ascertain the accuracy of the ICP OES and the analytical procedures used, a standard reference material, rye grass referenced BCR 281, was analyzed in parallel with the plant samples and 92% recovery was attained. Additionally, a calibration curve was recalibrated after every 20 samples. Moreover, a standard solution was included in every analysis.
Data Analysis
Analysis of variance (ANOVA) was carried out to examine any difference (p = 0.01) in the concentrations of copper in the bean crop from the different treatments using S PLUS 8.2 software (Insightful Inc., USA). ANOVA was also carried out to examine the effects of the treatments on soil pH, EC and CaCl 2 , EDTA, or aqua regia-extractable copper. Tukey's method (p = 0.05) was used to compare the means between the treatments.
Results
Variations in Soil pH and Soil EC
Physicochemical properties of soils used in the study are presented in Table 1 . The pH and EC of the soils sampled at harvesting of the bean crop are presented in Table 2 . Arumeru soil was in neutral range while all other soils were in acidic range, Hai soils being the most acidic. The pH of some different soil types varied significantly. The Arumeru soils had significantly higher pH than all of the other soil types, whereas Hai soils had significantly lower pH than all of the other soils. The differences in soil pH are a manifestation of different soil-forming factors, the nature of the parent materials, and human activities which exist between the different sampled farms. The pH values of Moshi soils, Mwanga and Mwanga control soils did not vary significantly.
The EC values showed that all of the soils were non-saline. The soil EC varied significantly among the different soil types (p < 0.01). Hai-spiked treatment had significantly The same letters in the same column are not significantly different according to Tukey's method of means comparison (p = 0.05).
higher EC than all of the other treatments. The addition of CuSO 4 significantly increased the EC for Hai soils, whereas the addition of CuSO 4 had no significant effect on soil EC for all of the other soil types. Table 3 shows that extractable copper varied among the different soil types. For the contaminated, non-spiked treatments, Moshi soils had significantly the highest CaCl 2 -, EDTA-, and aqua-regia-extractable copper of all the other non-spiked treatments. The CaCl 2 -extractable copper for Mwanga-contaminated, non-spiked and Hai-contaminated, non-spiked soils were not significantly different, but the latter had significantly higher EDTA-and aquaregia-extractable copper than the former. CaCl 2 -extractable copper in control soils was The same letters in the same column are not significantly different according to Tukey's method of means comparison (p = 0.05). The same letters in the same column are not significantly different according to Tukey's method of means comparison (p = 0.05).
Extractable Copper in Different Soil Types
below the detection limit of the ICP-OES used (0.005 mg/L or 0.0025 mg Cu/kg soil). The addition of CuSO 4 increased significantly (p = 0.05) the CaCl 2 -and EDTA-extractable copper for all soil types except for the Hai soils. As expected, the total copper contents of the soils, as measured by aqua-regia-extractable copper for all of the spiked treatments, were significantly higher than the treatments that were not spiked with CuSO 4 . Table 4 illustrates that the different treatments showed significant differences in capacities of the soil types to bind copper by fulvic acid or humic acid (p < 0.01). For all the treatments, except for the Arumeru and Mwanga control soils, the addition of CuSO 4 did not change significantly the HA-bound copper, but it significantly (p = 0.05) increased the FA-bound copper. Table 4 further depicts that control soils had lower HA-as well as FA-bound copper than the contaminated and spiked soils. It is interesting to note that the HA-bound copper was not statistically (p = 0.05) different between spiked and non-spiked soils for the respective contaminated soils ( Table 4) . Table 5 shows the concentrations of copper in bean shoots. The bean plants grown on Moshi soils had significantly (p = 0.05) higher concentrations of copper than the beans grown on all of the other soil types. The concentrations of copper among bean shoots grown on Hai, Mwanga, and Arumeru soils did not differ significantly. Furthermore, the addition of CuSO 4 to different soils did not significantly (p = 0.05) affect the concentrations of copper in bean shoots in all the respective soil types. Table 5 shows further that there was a significant (p = 0.05) difference in the bean dry matter among the different treatments. For Mwanga soils, the copper-spiked treatment produced significantly (p = 0.05) lower dry matter than the Mwanga-copper-unspiked treatment, implying possible toxicity. For other treatments, the bean dry matter between copper-spiked and copper-unspiked treatments did not vary The same letters in the same column are not significantly different according to Tukey's method of means comparison (p = 0.05). significantly. Bean seeds did not germinate on spiked soils but the transplanted seedlings continued growing with no differences on the biomass yields, except for the Mwanga soils.
Binding of Copper to Humic and Fulvic Acids
Influence of Different Soil Types and CuSO 4 on the Concentrations of Copper in Bean Shoots and Bean Dry Weights
Discussion
Soil pH and CaCl 2 -Extractable Copper
Because soil pH differed significantly between the treatments, it would be expected that the copper solubility as measured by CaCl 2 extractability would be lower for high pH treatments and higher for low pH treatments. However, this was not the case. The converse phenomenon observed can be attributed to the differences in the contamination history among the soil types and the different spiking rates. The results in the present study have revealed that spiking introduces soluble fractions of copper to most of the soils studied (Table 3 ). This phenomenon signifies that the total copper load in the soils may be more important in controlling copper solubility in soils than soil pH. As Sauvé et al. (2000) reported, Cu solubility in the soils was a result of pH, the total metal burden, and organic matter contents. Lack of significant increase in CaCl 2 -extractable copper in Hai soils between spiked and non-spiked treatments shows that Hai soils had high capacity to adsorb and retain the added copper. It can also be inferred that the conversion rate of copper from available forms to less available forms in Hai soils is higher than is the case in other soils; this is probably due to high organic matter content with the former as opposed to the latter soils (Table 1) .
Copper Binding to Humic Acid and Fulvic Acid
The differences in the capacities of soils to bind copper to fulvic acid and humic acid can be attributed to the quantities and types of soil organic matter that may exist in different soil types and the total copper load. Humic substances that can be extracted from soils range in formula weight from as low as several hundred to over 300,000 (Stevenson, 1994 as cited in Certini, 2001) . The differences in molecular weight for the humic materials in soils may affect copper binding (Inaba and Takaneka, 2005) . Different plant materials have different quantities of organic carbon (Clemente et al., 2007) which, upon fractionation, may release different quantities of fulvic acid and humic acid. Differences in the quantities of released humic or fulvic acids can explain the differences in copper binding to these two important organic acids encountered in the present study. Observations in the present study (Tables 3 and 4 ) reveal further that, in most unspiked soils, more copper is bound to humic acid than to fulvic acid, which implies that for most unspiked soils the mobility and toxicity of copper are more controlled by humic acids than by fulvic acids. The observation that fulvic acid in spiked soils bound more copper than in unspiked soils shows that fulvic acid may be very important in binding recently added copper in the soils if the soils are in acidic pH ranges. This means that fulvic acid is an important determinant of copper mobility and toxicity in spiked soils. As Gondar et al. (2006) argue, copper binding to humic substances is influenced by a number of factors, such as the total amount of different functional groups and chemical structure. Lack of significant difference in humic-acid-bound copper between spiked and non-spiked soils in most soils shows the possibility that the binding sites in humic acid in the soils might have already been saturated with metals.
Influence of Different Soil Types and CuSO 4 on the Concentrations of Copper in Bean Shoots and Bean Dry Weights
Despite an increase in the CaCl 2 -and EDTA-extractable copper as a result of the added CuSO 4 , an increase in the extractable copper in the soils was not reflected in the concentrations of copper in bean shoots. This shows that even the recently added copper was not taken up by bean shoots, signifying that the aging effect had no influence on copper uptake by the bean shoots, which is contrary to what was hypothesized by Elzinga et al. (2006) . The increased Cu solubility in spiked soils is a result of the low time of contact between the added copper and the soil mass (Zhou et al., 2008) . For example, Mwanga control-spiked soils had significantly higher CaCl 2 -extractable copper than was the case with Moshi unspiked soils, despite significantly lower total copper contents in Mwanga soils. On the other hand, Mwanga control-spiked soils had significantly higher quantities of CaCl 2 -extractable copper than was the case with Moshi unspiked soils, but the concentrations of copper in bean shoots in Moshi soils was significantly higher than the concentrations of copper in bean shoots in Mwanga control-spiked soils. It is therefore evident that the aging effect played a vital role in the solubility of copper in the soils but it had a limited role on copper uptake by bean shoots. It can therefore be inferred that relying on soluble quantities of copper in the soils, especially those generated by spiking soils, may exaggerate the risk of increased solubility posed by a particular metal in the soils, especially if uptake studies have not been carried out. The joint effects of soil properties (Brun et al., 2001; Gandois et al., 2010) may have played a more important role in deterring the uptake of copper than the aging effect or the total copper load. This hypothesis is supported by the fact that, in Moshi soils, despite the fact that the spiked treatment had significantly higher CaCl 2 -and EDTA-extractable copper (Table 3 ) than the Moshi unspiked treatment, the concentration of copper in bean shoots was the same for both treatments (see Table 5 ). Furthermore, contrary to what was hypothesized by Brun et al. (1998) and Déportes et al. (1995) that copper load enhances copper bioavailability, the differences in the total copper load among different treatments in the present study did not affect copper concentrations in bean shoots ( Table 5 ). The failure in seed germination in the spiked soils elucidates that copper toxicity is more critical at seed germination, but once the seeds escape copper toxicity at germination, the bean seedlings can tolerate higher concentrations of copper.
Apart from the joint effects of the soil properties, another possible governing factor that may have deterred the excessive uptake of copper by the bean shoots in the present study is that bean plants may have a mechanism of restricting excess copper uptake and/or its translocation to the above ground biomass (Miyazawa et al., 2002) as a mechanism of controlling toxicity to the plants. This hypothesis is supported by the results obtained in Moshi treatments, which indicated that despite the differences in copper concentrations between Moshi spiked and Moshi unspiked treatments, the concentrations of copper in bean shoots in the two treatments were the same. The mechanism of restricted upward movement of copper by plants is not well understood (Pitch and Scholtz, 1996) . In the present study, copper concentrations in bean roots were not measured due to difficulties in recovering root hair biomass. This happened due to the fact that the plants were grown on soils and it was difficult to recover substantial quantity of the roots. It is imperative to carry out a study that will make it possible to recover bean roots so as to measure the concentrations of copper in the roots so as to find out whether bean plants do not take excess copper to the root system or take copper to the root system but it hinders its translocation to the shoots.
The highest mean concentrations of Cu in the bean shoots encountered in the present study (Table 5 ) lie within the adequate copper concentrations of between 5 to 25 mg/kg for most plant species (Aasen, 1997, as cited in Loland and Singh, 2004) . Jones (1972 ( , as cited in Paramasivam et al., 2009 reports that the concentrations of less than 4 mg/kg are considered deficient and copper concentrations of more than 20 mg/kg are considered toxic. Therefore, bean plants in the present study did not take up copper in excess quantities.
In conclusion, soluble fractions of copper and total copper load are not good indicators of copper bioavailability to the bean shoots and, therefore, spiking can exaggerate the risks of contamination of the food chain. The aging effect had no influence on copper uptake by bean shoots. Plant factors and the joint effects of soil properties played a major role in controlling copper uptake by bean shoots. Fulvic acid was a major factor in binding the recently added copper rather than humic acid, and therefore it (fulvic acid) may govern the mobility and toxicity of the recently added copper. Humic acid was a major factor controlling the binding of copper in unspiked soils rather than fulvic acid, and therefore it (humic acid) may dictate the mobility and toxicity of copper in unspiked soils.
